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ABSTRACT 

One of the first piezoelectric motor designs with significant rotational speeds was outlined by Barth.  This device used 
extensional piezoelectric elements to produce a time varying force at a distance r from the center of a centrally supported 
disk.  These extensional actuators produced micro-steps at a high frequency with the end result being macroscopic 
rotation of the disk and high torque.  The rotation direction is controlled by the choice of the actuators and the direction 
of the extension about the rotor center.  A recent advancement in producing pre-stressed power ultrasonic horns using 
flexures allows for the development of high torque ultrasonic motors based on the Barth’s idea that can be fabricated in a 
2D plate or in more complicated 3D structures.   In addition to the pre-stress flexures the design also allows for the use 
of flexures to produce the rotor/horn normal force.  The torque can be controlled by the number of actuators in the plane 
and the amplitude of the normal force.  This paper will present analytical and experimental results obtained from testing 
prototype planar motors.    
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1. INTRODUCTION  

 
Ultrasonic motors based on piezoelectric actuation have been available for some time1,2,3.   The mode of operation, 

(quasistatic or resonant), type of motion (rotary or linear) and the shape of actuation element (beam, rod, disk, etc.) can 
be used to classify piezoelectric motors.  Despite these distinctions, the fundamental principles of solid-state actuation 
are common to all of these devices. Each of these motor designs uses microscopic material deformations (usually 
associated with piezoelectric materials) which are amplified through either quasi-static or dynamic/resonant means.  
 Motors are an important element of most mechanisms.  Most actuators are based on electromagnetic rotary 
motors, such as DC, AC, brush and brushless, etc. Generally, these types of motors compromise speed, which can be as 
high as many thousands of RPM, for torque using speed-reducing gears.  The use of gear adds mass, volume and 
complexity as well as reduces the system reliability due the increase in number of the system components.  The 
miniaturization of conventional electromagnetic motors is limited by manufacturing constraints and loss of performance 
efficiency.  Potentially, rotary motors that are actuated by piezoelectric ceramics can offer an effective alternative for 
miniature-mechanisms Hollerbach4.  These emerging motor technologies provide high torque density at low speed, high 
holding torque5 , zero-backlash, simple construction, quiet operation and have a fast response times.  They can also be 
made in annular through hole shapes for optical applications, electronic packaging and wiring through the center.    

One of the first piezoelectric motor designs with significant rotational speeds discussed by SashidaError! 
Bookmark not defined. and originally published by Barth6  is what is now known as the Barth Motor7,8 .  This 
device used extensional piezoelectric elements to produce a time varying force at a distance r from the center of a 
centrally supported disk as is shown in Figure 1.  These microsteps occur at a high frequency with the end result being 
macroscopic rotation of the rotor.  The rotation direction is controlled by the choice of the actuators.   This motor was 
reported to produce a significant torque however a measureable wear was noted during the motor operation and 
characterization.     Another feature of these motors is they can be manufactured in a plane to produced compact low 
profile rotary motors.   

In order to investigate these horn motors and in addition to investigate whether the piezoelectric ceramic could be 
pre-stressed using flexures we designed a set of horns that could be used to drive a rotor to do useful work.  In addition 
we investigated the use of rapid prototyping in the manufacture of these horns.  The monolithic horns were manufactured 
using Titanium (Ti-6Al-4V) and an electron beam melting/manufacturing process (EBM) by CALRAM Inc.   In the 



EBM proces
wrought mat
The EBM m
required one 
A CAD mod

The piez
OD. and 9.3
Figure 3.  An
pC/N for the
compliance a

 The pro
demonstrated
determined b
gravity.     
 

FIGURE 1: 

 
FIGURE 2: 
The flexure i

s the titanium 
terials9. The pa
anufacturing a
could use inve

del and the horn
zoelectric stack
3 mm thick.  
n analysis of th
e material and
at constant field
ototype horn m
d a rotor speed
by hanging a m

Schematic dia

CAD model a
is opened and t

parts can be m
art quality is su
approach is use
estment casting
ns as produced 
ks were purcha
 The impedan

he small signal 
d a capacitance
d in the 33 dire

motor and the C
d of 15 RPM 
mass around th

grams of a Bar

and photograph
the piezoelectri

made to an acc
uch that they a
eful for small p
g tree approach
are shown in F

ased from Piez
nce spectrum o

resonance dat
e of  261 nF. 
ection was 5.4x

CAD assemble 
with a torque 

he shaft, then m

rth Motor6 

h of the finishe
ic is pre-stress 

curacy of about
are now used in
production run
h10 where it is a
Figure 2. 

zomechanik Gm
of the first leng
a of the bare st
 The coupling

x10-11 m2/N. Th
are shown in F
of approxima

measuring the 

 

ed horn.  Critic
to a level of 2

ut 0.4 mm with
n both the aero

ns.  If larger pro
also possible to

mbh.  The bi-p
gth extensiona
tack gave an e
g was determi
he mechanical
Figure 4.  Initi
ately 0.3 N-m

constant rate 

cal surfaces we
5 MPa. 

h comparable s
ospace and in m
oduction and c
o co-cast stain

polar stacks we
al mode for the
ffective piezoe
ined to be k33

l Q was in the 4
al testing of th
could be prod
at which the m

ere machined a

strengths to as 
medical implan
cheaper cost pe
less steel and t

ere nominally 2
ese stacks is s
electric constan
 =0.56 and th
40 - 80 range.  
he motor with o
duced. The tor
mass was lifted

after rapid prot

 

cast and 
nt fields.  
er part is 
titanium.  

25.4 mm 
shown in 
nt of 480 

he elastic 
   

one horn 
rque was 
d against 

totyping.  



                 
FIGURE 3. 
 

 
FIGURE 4. 
ultrasonic ho
 
 
 
 

    

40

G
,B

 (
S

)

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Impedance spe

 A CAD rend
orn against a ro

60

ectra of the bar

dering and a p
otor.  The high 

Fre

80

re Piezomechan

photograph of 
frequency horn

equency (kHz)

100

nik Gmbh bipo

an example o
n impacts the r

120

G
B

olar stack.   

of a Barth mot
rotor and produ

140

tor produced b
uces a rotary m

 

by mounting a
motion. 

a flexure 



In order to ta
be machined
concept we d
a rotor in on
planar structu
actuators, tha
material are 
compression 
attached to th
so that to firs
 

 FIGURE 5:
actuators and

The motor sh
Figure 6 to p
plate by driv
bottom plate 
stack was im
inactive plate
may need to 
produce in a
easily be exte
both direction

                     
FIGURE 6: 
horns in the 
horns in the b
plates with a 

ake advantage 
d by standard f
developed for p
e direction (Se
ure as shown in
at rotates in th
pre-stress flex
while being o

he horn at the n
st order it opera

: A unidirection
d rotates in the 

hown in Figur
produce bidire
ing each actuat
by driving eac

mplemented be
es with a large 
be employed t

a single plate b
ended to linear
ns.   These des

                       
 A stacked rot
top plate by d

bottom plate b
DC voltage to

of the pre-stre
fabrication tec
producing rota
ee Figure 5).  T
n Figure 5.  Th

he clockwise di
xures and they

operated and el
nodal point and
ates independe

nal rotary moto
clockwise dire

re 5 could be s
ectional rotation
tor in resonanc
ch horn in reso
etween the ho
DC voltage to
to reduce the f

by positioning 
r motors as is s
signs could also

      
tary motor wit
driving each in
y driving each

o reduce friction

2. PL
ess flexures we
chniques includ
ary motion base
The unique fea
he design show
irection.  There
y pre-load the
lectric field is 
d can be desig

ently and comp

or.  The rotor (
ection.    

stacked to incr
n.  To drive th
ce.  To drive th
onance.   If the
rn and mount

o reduce friction
frictional force
half the horns

shown in Figur
o be stacked to

th bidirectional
n resonance.  T
h horn in resona
n of the inactiv

ANAR DES
e have designe
ding milling an
ed on the Barth
ature of these m
wn in Figure 5 i
e are two sets 
e piezoelectric 
applied.  The o
ned to generat

pensates for the

(which is transp

rease the torqu
he rotor clockw

he rotor counter
e mounting flex
ting flexure on
n of the inactiv

e of the inactiv
s at an angle to
re 7 where we 
o increase the b

l drive.  To dri
To drive the ro
ance.   One cou
ve plate on the 

SIGNS 
d a series of m

and electric dis
h concept usin
motors is that t
is a unidirectio
of flexures.  T
 disks to main
other set of fle
te a normal for
e wear between

parent in this v

ue on the rotor
wise, it is nec
rclockwise, it i
xure was conn
ne could also 
ve plate on the

ve stacks/horns
o produce an o
show a motor 

blocking force.

 
ive the rotor cl
otor counterclo
uld also drive t
rotor. 

motors in plana
scharge machin
ng a series of u
they can be de
onal motor, wh
The flexures ar
ntain the piez

exures are mou
rce between the
n the horn and 

 

view for clarity

r or flipped an
essary to excit
is necessary to

nected to the ba
drive the piez

e rotor.  Otherw
. Bidirectional
opposing torqu
design that can
 

lockwise, it is 
ockwise, it is n
the piezoelectr

ar structures w
ning (EDM). T

ultrasonic horns
esigned in a mo
hich is driven b
round the piez
zoelectric stack
unting flexures
e horn tip and 
the rotor.   

y) is driven by 

nd stacked as s
te the horns in

o excite the hor
acking or an ad
zoelectric stac

wise a mechani
l rotation could
ue.  These des
n drive a linear

necessary to e
necessary to ex
ric stack of the

 

which can 
The first 
s driving 
onolithic 

by 8 horn 
zoelectric 
ks under 
s that are 
the rotor 

8 horn 

shown in 
n the top 
rns in the 
dditional 
k of the 

ical lever 
d also be 
signs can 
r slide in 

xcite the 
xcite the 

e inactive 



 

                     

FIGURE 7: 
activating the

 
In addition, t
show 3 ortho
addition, the 
 

FIGURE 8: 
manipulator j

The piezoele
small system
structures lik
frequency is 
motors could

To test the p
CAD model 

        

 A linear moto
e pair on the le

the actuator pla
ogonal axis of 
surfaces could

 A motor with
joint.   

ectric rotary an
ms like the mo
ke the wheels o
carefully mode

d be used in ma

planar motor s
and some of th

or that drives a 
eft pushes the s

ates may be ali
rotation howe

d be curved slig

h three axis of r

nd linear motor
otors in electro
of a rover or th
eled these mot
any application

structures a pla
he parts of the p

slide.  Activat
slider to the rig

igned as shown
ever the plates 
ghtly. 

rotation that are

rs described in
onic cameras o
he joints of an i
tors could be d
ns that requires

3.

anar rotary bid
prototype moto

ting the pair of 
ght. 

n in Figure 8 to
could be orien

e orthogonal.  A

n paper are full
or small flight 
instrument dep
esigned to be m

s motion and ne

MODELIN

directional mot
or are shown in

f horns on the r

o produce mul
ntated in multi

A two axis DO

ly scalable.  T
instruments o

ployment devic
made extremel
eed integrated 

NG 

tor was design
n Figure 9.   

 

right pushes the

tiple axis of ro
iple planes at a

 

OF motor could

They could be 
or they could b
ce.  In addition
ly quiet [Sherri
actuation. 

ned and mode

e slider to the l

otation.  In Figu
any desired an

d be used in a 

designed to be
be used to dri

n, if the horn re
it et al., 2005].

led using ANS

left and 

ure 8 we 
ngles.  In 

e used in 
ive large 
esonance 
    These 

SYS.  A 



 

FIGURE 9: 
with a photog

The horn act
coupling and
shown in Fig
Figure 10 

FIGURE 10
elements=50

 
The tip displ
peak results a
 
Table 1.  Re
and power an
 

Th
Reso

Tip displ
Co
Pe

Pea
Adjac

 A CAD mode
graph of  manu

tuators of the p
d the position o
gure 11 for tw

0: The ANSYS 
17, Boundary 

lacement, powe
are show in Ta

sonator param
nd current are a

ickness (mm
onance f  (kH
lacement  (m
oupling k (#
eak power(w
k Current (
ent modes (

el of a prototyp
ufactured parts

prototype show
of the nodal pla
wo difference m

model used to
condition: Edg

er and current 
able 1.   

meters  for two 
amplitude valu

m) 
Hz) 

microns) 
#) 
w) 
(A) 
(kHz) 

pe rotary motor
.  The mountin

wn in Figure 9 
ane.    The isola
mounting flexu

o model the hor
ges of flexures 

as a function o

mounting flex
ues  

2

r that can drive
ng flexure and h

were modeled
ated horn mode
ures shown as

rn actuators.  T
fixed. 

of frequency w

xure thicknesse

0.75 
23.6 
0.31 
0.20 

0.096 
0.104 

22.9, 24.2 

es a rotor clock
horn tips still n

d in ANSYS to
el is shown in

s red thin struc

Total number o

was determined

es at 1 Volt pe

kwise and coun
need to be mac

o determine the
Figure 10 and 

ctures at the to

 
of nodes= 8753

d for a 1 volt in

eak excitation. 

23

nterclockwise  
chined in the fi

e resonance fre
the tip displac

op of the horn

3, Total number

nput AC signal

 The tip displ

1.5 
23.9 
0.32 
0.19 

0.101 
0.111 

3.3, 24.0 

 

along 
gure. 

equency, 
cement is 
n base in 

r of 

l and the 

lacement 



  
 

 
 

FIGURE 11: The tip displacement amplitude as a function of the frequency from ANSYS for the model shown in 
Figure 10.  The top curve is for a 0.75 mm mounting flexure.  The bottom curve is for a 1.5 mm mounting flexure.   

 
The analysis suggests that at 20 volts the theoretical peak tip displacement is about 6 microns and the power dissipated 
as actuation and heat will be of the order of 40 Watts assuming the displacement is linear in voltage and the power is 
quadratic in voltage.  The speed and torque will be a function of the friction on the rotor and will depend upon the 
normal forces of the rotor and base and the rotor and the counter driven horn.   The rotary motor shown in Figure 9 based 
on the horn analyzed in Figure 10 with a mounting flexure thickness of 1.5 mm. is currently being fabricated.  
 

4. SUMMARY 

In this paper we identified a variety of new approaches that could be used to produce rotation and linear actuation 
from microscopic deformations at high frequency embedded in structures.  The ability to pre-stress the piezoelectric 
stacks using flexures has allowed for the design of simple shorn structures that can be manufactured using rapid 
prototyping such as an electron beam melting/manufacturing process (EBM) or EDM.  The initial prototype was found 
during initial testing of the motor with one horn to produce a rotor speed of 15 RPM with a torque of approximately 0.3 
N-m.  A variety of new designs were presented in which we embedded the horns in planar structures to produce 
bidirectional and stackable rotary and linear   actuation.  Initial FEM analysis of the planar horns predicted a resonance 
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frequency of 23.9 kHz with a tip displacement of 6 microns at 20 Volts peak excitation.  Prototypes based on our most 
recent analysis are currently being fabricated. 
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